Selection of a cell line suitable for a hybrid artificial liver model employing cellulose porous beads (CPBs) was investigated. Hep G2 cells grown in a culture dish exhibited appreciably higher ureogenesis and gluconeogenesis activities than those grown in CPBs. SEM observation of CPBs revealed marked difference in the distribution of attached cells from one bead to another, and showed that almost all the cell-bearing micropores were completely packed with cells.
Introduction
Generally, a small internal volume is considered to be essential for artificial organs such as an artifical liver because the volume of blood circulating through the organ is likely to be small. Because of this requirement, several types of hybrid artificial liver models which aim to achieve a high cell density and a high level of activity have been investigated. While the cell density in a hollow fiber module bearing hepatocyte cells in the extracapillary space (Sussman et al., 1993 , Takeshita et al., 1993 , is rather lower than that of liver tissue (1 10 8 cells ml 1 ), hollow fiber modules with collagen gel in the extracapillary (Sakai et al., 1994) or intracapillary space (Nyberg et al., 1993) , as well as those with microcarriers in the extracapillary space (Rozga et al., 1993) , can contain 6-10 10 6 cells ml 1 . However, these reactors are considered to be inferior due to the low mass transfer rate between the cells and the blood because of diffusion limitation. Compared with these membrane reactors, a packed-bed reactor with a porous carrier is attractive from the view point of both cell density and mass transfer, because soluble components in the blood are transferred not by diffusion but by convection between the cells and the blood (Park et al., 1993) . The reason why the cell densities in packed-bed reactors employing polyurethane foam (Ijima et al., 1993) and polyvinyl foam resin (Miyoshi et al., 1993) were only about 15 10 6 cells ml 1 bed may be the large pore diameter of 200-250 m and a low affinity between the cells and the bead material. An alternative porous material with a small pore diameter and high affinity is the cellulose porous bead (CPB) manufactured by Asahi Chimical Industry Co.
Ltd., which has a pore diameter of less than 100 m, and whose surface can be modified with DEAE group ions to have a positive charge (Takagi et al., 1994) .
Almost all the artificial liver models referred to above utilized porcine or rat hepatocyte cells, because human and animal hepatocyte cells cannot grow in a culture while retaining their differentiated properties. Although there is a virtually inexhaustible supply of porcine hepatocytes, reproducible isolation of such cells on a large scale is particularly difficult. Furthermore, potential incompatibility problems exist regarding animal cell antigens in humans. An alternative approach involves the use of continuous cell lines that retain key differentiated properties of normal hepatocyte cells in culture and can be grown to form a large, homogeneous population. Among the cell lines established from hepetocellular carcinoma, Hep G2 (Aden et al., 1979) , HLE, HLF (Doi et al., 1975) , Hep 3B, PLC/PRF/5 (Macnab et al., 1976) and Huh 7 (Nakabayashi et al., 1982) have been reported to maintain certain biochemical functions of hepatocytes to a high degree and are evailable from public cell banks, eg. ATCC, JCRB.
Besides several important clinical criteria such as blood levels of ammonia, urea, lactate, glucose, bilirubin, fibrinogen and prothrombin in particular, avoiding high levels of ammonia and lactate and a low level of glucose are critically important in the treatment of acute liver failure. Consequently, cells in a hybrid artificial organ should maintain high activities of ureogenesis to convert ammonia to urea and gluconeogenesis to produce glucose from lactate.
Consequently, as a starting point for the construction of a hybrid artificial liver model, we investigated the selection of a highly functional cell line which will grow well inside the micropores of cellulose porous beads as well as exhibiting high ureogenesis and gluconeogenesis activities.
Materials and methods

Cell and growth medium
The hepatocyte cell lines Hep G2 (ATCC HB8065), HLE (JCRB404), HLF (JCRB405), Hep 3B (ATCC HB8064), PLC/PRF/5 (JCRB406), and Huh 7 (JCRB403) were employed. DMEM (Gibco Co. Ltd., NY, USA) supplemented with 10% FCS (Gibco), 5.000 U l 1 penicillin and 5 mg l 1 streptomycin (Sigma, MO., USA) was used for cell growth. It was confirmed that the cell lines of Hep G2 and Huh 7 were not infected by mycoplasmas (Aden et al., 1979 , Nakabayashi et al., 1982 .
Microcarrier
As a porous microcarrier, cellulose porous beads (CPBs) manufactured by Asahi Chemical Industry Co. Ltd. (Tokyo, Japan) were used. The bead and pore diameters were approximately 500 and 100 m, respectively, and the surface of the bead material was positively charged with DEAE group ions.
Cell growth cultures
Tissue culture dishes (55 cm 2 , Corning Co. Ltd., USA) containing 10 ml of the growth medium was inoculated with 0.2-1.0 10 6 cells and incubated at 37 C in a incubator with 5% CO 2 . Cells grown in the dishes were harvested by trypsinization with 1 ml of trypsin-EDTA solution containing 0.5 g l 1 of trypsin and 0.2 g l 1 of EDTA (Sigma). Trypsin was inactivated by the addition of 3 ml of the growth medium. Ten milliliters of growth medium in spinner bottles (30 ml; Shibata Hario Co. Ltd., Tokyo) was inoculated with 0.6-1.8 10 7 harvested cells together with 18 mg of CPBs. This was incubated at 37 C in an atmosphere of 5% CO 2 . After agitation at 70 rpm for 10 sec at intervals of 15 min, repeated 8 times, the culture was incubated without agitation for 4 h. Then, 20 ml of the growth medium was added and continuous agitation at 70 rpm was started. The culture medium was replaced with fresh medium before glucose was depleted. Each cultivation condition was replicated and the data values in all figures and tables were the means of duplicates.
Assays of ureogenesis and gluconeogenesis activities
For assays of ureogenesis and gluconeogenesis activities, the growth medium supplemented with 5 mM ammonium chloride or Krebs-Henseleit buffer containing 10 mM L-sodium lactate was used as the ammonia and loctate loading solutions. In the case of dishgrown cells, after washing with PBS(-) and adding each respective loading solution, cells were incubated for 3 h at 37 C in a CO 2 incubator. CPBs bearing cells were washed twice with PBS(-) and then transferred into a microbial grade culture dish (27 cm 2 . Corning). They were incubated in the same manner as dish-grown cells. The ammonia, urea, and glucose concentrations were assayed using taken samples and the reaction rates were calculated.
Analysis. Cell concentrations were determined by the nuclei staining method (Sanford et al., 1950) . Glu- cose in the cell growth culture medium was measured by the glucose-oxidase peroxidase method, using an auto-analyzer (Biochemistry Analyzer 2700; YSI Inc., Ohio, USA). Glucose in the loading solution was determined by the mutarotase GOD method (Glucose C II-test Wako, Wako Pure Chemicals Co. Ltd., Osaka, Japan). The ammonia and urea concentrations were determined by the indophenol (Ammonia-test Wako) and diacetyl monoxime (Ureic nitrogen-test Wako) methods, respectively.
Determination of cell aggregation rates
Cells harvested from dishes and suspended at a concentration of 2.5 10 5 cells ml 1 in the growth medium in spinner bottles were incubated with agitation at 70 rpm for 120 min. The total cell concentration and concentration of detached free cells were determined during the incubation by the nuclei staining method and a hemocytometer, respectively. The single cell ratio was calculated by dividing the latter by the former.
Results and discussion
Comparison of the activities of Hep G2 cells grown in CPBs and in dishes
To identify the criteria for the selection of an optimum hepatocyte cell line, the activities of Hep G2 cells, which is reported to be one of the most active hepatocyte cell lines, were compared between cells grown in a dish and those grown in CPBs. Hep G2 cells grew to 1.6-1.9 10 6 cells ml 1 in both cultures, though the specific growth rate in the CPB culture (0.015 h 1 ) was lower than that in dish culture (0.037 h 1 ) (data not shown). Scanning electron microscope (SEM) observation revealed marked differences in the numbers of cell attached to individual CPBs, and the fact that the micropores of some CPBs were fully packed with cells ( Figure 1 ) while those of other CPBs were not. The difference in cell attachment was most likely caused by the rapid aggregation of cells harvested from the dish surface during cell inoculation to the CPB, as mentioned below. The reason for the dense packing of cells in some CPB was considered to be the low contact inhibition of Hep G2 cells.
Dish-grown cells had a specific ammonia consumption rate of 27.7 nmol/10 6 cells h 1 and a urea production rate of 7.3 nmol/10 6 cells h 1 (Table 1) . CPBgrown cells exhibited almost the same specific ammo- nia concumption rate, but their specific urea production rate was only 5% of that of their dish-grown counterparts. Furthermore, while gluconeogenesis activity (7 nmol/10 6 cells h 1 ) was present within dish-grown cells, such activity was negative in cells grown in CPBs. The low ureogenesis and gluconeogenesis activities of the CPB-grown cells was considered to be caused by the low mass transfer rate between the interior and exterior of the CPBs. The main products from ammonia were not clear.
Consequently, it is suggested that the criteria for selection of an appropriate cells line for an artificial liver employing porous beads are that the cell should have low cohesiveness in suspension to avoid rapid aggregation, and moderate contact inhibition so as not to fill up to micropores in the CPBs. 
Comparison of cell aggregation rates of the cell lines
Cell aggregation rates were determined for the 6 hepatocyte cell lines investigated. Even at 0 min, the ratio of single cells of Hep G2 was only 20%, and it decreased to 0% within 120 min (Figure 2 ). HLF cells showed almost the same aggregation velocity as those of Hep G2, while HLE aggregated more rapidly. Compared with these three cell lines, the rate of single cells for Hep 3B, PLC/PRF/5 and Huh 7 were higher and well maintained at 40-50%, even after 2h, indicating a high level of single-cell stability. This result showed that Hep 3B, PLC/PRF/5 and Huh 7 were more appropriate cell lines for the development of an artifilcial liver model because they had low cohesiveness in suspension to avoid rapid aggregation during cell attachment to CPBs. 
Comparison of cell densities and activities among the cell lines grown in dishes
Cells of the 6 cell lines were cultured in dishes and their activities were determined after cell growth (Figure 3) . Hep G2, HLF and HLE cells grew to high concentrations of 5.21, 4.29 and 2.89 10 5 cells cm 2 , respectively, whereas the maximum cell concentration of PLC/PRF/5 cells was only 0.28 10 6 cells ml 1 and those of Hep 3B and Huh 7 cells were less than Figure 5 . Comparison of cell growth in CPBs. The 6 cell lines were cultivated in spinner bottles together with 0.6 g l 1 of CPBs. The culture medium was replaced with fresh medium before glucose was depleted and the specific glucose consumption rate was calculated. The symbols are the same as those in Figure 2 .
0.1 10 6 cells ml 1 (Figure 3 ). Hep G2 cells were observed microscopically to form a multilayer in dish culture, whereas there were obviously some interstices among the cells in the dish cultures of Hep 3B and Huh 7 (Figure 4 ). This suggests that Hep 3B and Huh 7 cells possess higher contact inhibition than the other cell lines.
The biochemical activities of cells grown in dishes are summarized in Table 2 . The specific rates of ammonia consumption and urea production by Huh 7 cells were apparently the highest among all the cell lines, and were 49 and 42 times those of Hep G2, respectively. The specific glucose production rate by Huh 7 was also the highest of all.
These results suggested that in terms of contact inhibition, ureogenesis and gluconeogenesis activities, Huh 7 is the most appropriate cell line for use in an artificial liver model.
Confirmation of the superiority of specific activities of Huh 7 cells grown in CPBs
The 6 cell lines were cultured with CPBs in spinner bottles ( Figure 5 ). Hep G2 had the highest maximum cell concentration (2.28 10 6 cells ml 1 ) and Huh 7 the lowest (0.54 10 6 cells ml 1 ). The final specific glucose consumption rate of Hep G2 was lower than that of any of the other cell lines, which is considered to be caused by mass transfer limitation between the interior and exterior of the pores in the CPBs due to dense packing of cells in CPBs.
The activities of cells grown in CPBs were determined (Table 3) . HLF and PLC/PRF/5 cells exhibited ammonia production instead of its consumption, while Hep G2, Hep 3B and PLC/PRF/5 cells consumed urea. Hep G2, HLF and PLC/PRF/5 cells were not net producer of glucose. Consequently, Huh 7 was only the cell line which consumed ammonia and produced urea and glucose like dish-grown cells. Moreover, the rates of these three activities in Huh 7 were amongst the highest. Ammonia consumption rates of 100, 200 and 300 nmol/10 6 cells h 1 were reported using the immo- bilized cells of primary hepatocyte polyurethane foam, hallow fibre containing collagen gel and CPBs, respectively (Ijima et al., 1993 , Sakai et al., 1993 . With these results, it was proved that Huh 7 was an appropriate cell line for the development of an artificial liver model.
Conclusion
Among 6 hepatocyte cell lines investigated, only Huh 7 satisfied both criteria of possesing high contact inhibition and high maintenance of single cells in suspension. These characteristics allowed Huh 7 cells to maintain relatively high levels of ureo-genesis and gluconeogenesis activities in both dish and CPB cultures. Consequently, Huh 7 is considered to be the most suitable of the 6 cell lines for use in the development a packed-bed artificial liver employing porous beads.
